ABSTRACT This paper proposes a novel distributed coordination load shedding (DCLS) approach for an islanded microgrid (MG) using sub-gradient algorithm of multi-agent system. The main objective is to achieve practical and optimal LS and obtain an optimum amount of load to be shed in a fully distributed manner under large disturbances. To coordinate the controllable loads (CLs) in an MG, an LS level (LSL) is first defined and evaluated locally to take the CL capacity and the LS willingness into consideration. Then, by updating the LSLs and the local frequency deviation measured based on frequency-inertia dynamics response, the proposed DCLS can be accomplished based on the sub-gradient algorithm. More importantly, only local information is needed to be updated during the entire DCLS process. Hence, the power supply demand balance can be well maintained, the utilization of LS can be significantly improved, and the requirements for communication topology changes can be adaptively met in a fully distributed way. The simulation results indicate that the proposed sub-gradient-based distributed coordination algorithm and corresponding DCLS are effective and adaptive.
I. INTRODUCTION
Due to the randomness and uncertainty of renewable distributed generators (DGs) and the low-inertia characteristics, an islanded microgrid (MG) easily suffers a power deficiency disturbance, which may lead to a system collapse under large disturbances [1] , [2] . Generally, for an islanded MG with high renewable energy penetration, load shedding (LS) is recognized as a necessary way to maintain the power balance and stability in emergency conditions [3] - [5] .
To date, many studies have focused on finding a suitable LS scheme, and two types of LS schemes were formed: 1) the centralized LS and 2) the distributed LS [6] . Terzija [7] proposed an accurate centralized LS that used the power estimation value to determine the amount of LS. Many other centralized LS schemes have been proposed to obtain more suitable amounts for LS [8] - [10] . There are some shortages for the centralized LS, such as the dependence of the central controller, the high cost of the central controller and the adaptability in communication topology changes. Accordingly, the distributed LS is proposed to avoid these problems, and a distributed LS based on a multi-agent system (MAS), which is adaptive and intelligent, has recently attracted increasing attention [11] , [12] . By using the distributed information exchanging among agents and other characteristics of MAS, such as autonomy, sociality and cooperation, an appropriate distributed LS can be executed on the autonomous MGs [13] - [17] . Y. Xu et al introduced an improved average-consensus theorem for LS amount estimation and implemented a distributed multi-agent-based LS that can make efficient load decisions based on the discovered total amount of load to be shed [18] . W. Liu et al proposed a new distributed control for autonomous MGs that involved primary and secondary frequency control and multi-stage load shedding [19] . Moreover, many factors in addition to the total amount of LS must be considered, such as the customer's willingness to shed load and its associated cost [20] , [21] , the different important grades of load [22] , [23] and the capacity of CLs [23] , [24] . Therefore, a more practical distributed LS approach that considers the LS cost and CLs capacity deserves attention.
Inspired by the decentralized droop control concept that exerts control through local frequency deviations without any communication [25] and the sub-gradient coordination algorithm of MAS that solves the optimization problem in a distributed way [26] - [28] , a new fully distributed coordination load shedding (DCLS) is proposed in this paper, which aims to find a more practical and reasonable distributed LS for an islanded MG. Accordingly, the three most distinguishing works of this study, i.e., the proposed DCLS based subgradient algorithm, the corresponding LSL definition that considers the customer's LS willingness and CL capacity, and the local frequency deviation updating based on frequencyinertia dynamics response, are investigated in detail. More specifically, this study makes the following contributions: a) Proposal of a distributed coordination load shedding (DCLS) that uses sub-gradient algorithm of MAS and can implement DCLS based on distributed communication coefficients while meeting the requirements for communication topology changes; b) Proposal of a new practical and reasonable LS scheme that involves controlling the LSLs which consider the customer's LS willingness and CL capacity; c) Proposal of a local frequency deviation updating method based on frequency-inertia dynamics response that can reflect the global power imbalance by using the rate of change of frequency (ROCOF) and the inertia constant.
The next section proposes the DCLS in an islanded MG, in which the definition of the LSL and local frequency deviation updating based on frequency-inertia dynamics response are studied. Section III illustrates the implementation of the proposed DCLS approach for an islanded MG. Section IV provides the simulation results, and Section V presents the conclusions.
II. DCLS BASED ON SUB-GRADIENT ALGORITHM AND LOCAL INFORMATION MEASUREMENT
The DCLS of an islanded MG based on the sub-gradient algorithm is proposed and introduced in this section. An islanded MG is considered as an MAS, and the MAS-based LS can immediately take action in the event of disturbances and realize decentralized decision-making to achieve a cooperative recovery. Three related problems, i.e., 1) the LSL definition, 2) the sub-gradient based coordination algorithm, and 3) the local information measurement based on frequency-inertia dynamics response, are studied.
A. LSL DEFINITION
The total active power demand and total load of a MG can be described as (1): (1) where P Load is the total amount of the loads; P Li is the amount of the loads at bus i; P Gen expresses the overall power generating capacity of the MG; P Gi indicates the power generation of the generator at bus i; P is the active power imbalance of the whole MG; and P Loss indicates the active power losses of the MG. Typically, three approaches can be used to consider the active power losses in an islanded MG: 1) ignoring the active power losses, as in [23] , 2) calculating the power losses locally through local power flows information, as in [28] ; or 3) using supply-demand imbalance to indirectly reflect the power losses, as in [29] . In this study, P Loss is indirectly estimated by P with the third approach, as in [29] .
The LSL is defined and evaluated locally to consider the customer's LS willingness and the CL capacity. The LSL is defined as in (2):
where φi represents the index of CL, n is the maximum number; P 0 Li expresses the load condition of the ith load in the initial state; χ i represents the ith customer's willing to shed load; and P LSi indicates the LS amount for the ith load.
When an islanded MG experiences an active power disturbance, if P Load is larger than P Gen , the P Gen of DGs cannot increase the power output. Thus, a suitable LS strategy is required to maintain the frequency stability, which can also be implemented by controlling the LSLs φ * to a common value as in (3):
where φ * is the common LSL and P * LSi is the amount of LS at agent i when the proposed distributed coordination method is accomplished.
B. SUB-GRADIENT-BASED COORDINATION ALGORITHM 1) OPTIMIZATION OBJECTIVE
In an islanded MG, the power supply-demand balance must be ensured, and the distributed coordination for multiple LSs can be described as an optimal problem, the objective of which is to minimize the function designed in (4):
where
is the LS coefficient of the ith load at iteration k and P Li [k] is its corresponding load capacity; and P Li [0] denotes the load capacity of agent i at iteration 0. The sub-gradient-based distributed coordination algorithm is applied to solve the optimal problem [26] - [28] , [30] , [31] , and the LSLs can be updated as follows:
where α ij is the communication coefficient of the ith agents and the jth agent and α ij = 0 indicates that there is communication link between agent i and j; otherwise, α ij = 0; N i is the index of neighboring agents that connect to agent i; and λ i is the step size.
The communication coefficient α ij in (5) is determined locally according to the communication topologies between agents i and j as in (6):
where n i and n j express the number of agents that connect to agent i and agent j; β expresses the convergence constant; and 0 < β < 2. As the local information, both n i and n j can adaptively adjust the corresponding values according to the communication topology changes. Thus, the updating of α ij has the advantage in terms of the adaptability of communication link changes, such as agent plug-out, agent plug-in, and line changes. Accordingly, the overall distributed consensus processing of the MAS-based MG in matrix form are described as in (7): 7) where P L expresses the exchanged information matrix and A indicates the updating matrix, its element is α ij , which is defined in (6) . The definition of (6) causes matrix A to have two advantages: 1) it improves the convergence characteristics: by setting i α ij = 1, j α ij = 1 and selecting the value of β, the convergence characteristics of the information exchanging can be ensured and improved; and 2) it adapts communication topology changes locally: A is determined by only local information, both locally and adaptively, according to the communication topology changes of the MG. M is the step size matrix. Matrix χ expresses the customer's LS willing.
2) OPTIMIZATION SOLUTION
According to the aforementioned algorithm defined in (4)- (7), the matrix A is a doubly stochastic matrix and has two characteristics: a) All eigenvalues of A ≤ 1.
There are two constraints that must be considered for the distributed sub-gradient-based approach: a) Based on the Perron-Frobenius theorem [29] , A should satisfy
b) The step sizes λ i must be designed appropriately and should be sufficiently small to satisfy the convergence requirements (set λ i < 0.01 in this study). First, the matrix A defined in (6) and (7) can automatically meet the first constraint. In addition, λ i can be adjusted to be small enough during the implementation to achieve convergence. Therefore, the solution of sub-gradient-based coordination for LS can be ensured.
3) LOCAL FREQUENCY DEVIATION UPDATING
It is difficult to discover the global information, such as the entire power generation of the MG P Gen and the entire active power losses of the MG P Loss , which is described in (5), when the agent can only exchange information with its neighbors. Thus, to implement the DCLS in a fully distributed manner, the ROCOF and inertia constant [7] , [19] , [32] are used to overcome this difficulty. By using this approach, both P Gen and P Loss can be estimated using the ROCOF (df /dt) and the inertia constant (H i ). Generally, the frequency is global information, which can be monitored anywhere, and any power unbalance will be locally reflected in the frequency fluctuation. Accordingly, the power imbalance between power supply and demand P can be described as follows:
where H i is the inertia constant at bus i (s), f is the frequency (Hz) and f n is the rate frequency (Hz). Depending on (9), the P can be calculated as
Thus, (5) can be represented as follows:
where κ i is mainly evaluated based on the predefined value of step size λ i and the predicted value of the equivalent moment of inertia H i . This is local information, so it is preferable and reasonable to determine the value of κ i locally and directly. VOLUME 5, 2017 Considering the requirements of the step size λ i above, the value of κ i , which absorbs impacts of λ i and H i , must be predefined with a suitable value. The hit-and-trial method is applied to estimate the range of κ i , the value of κ i is tuned as a PID (Proportion Integration Differentiation) controller [28] , [33] . The tuning process of κ i is illustrated as follows: a) Initialize a reasonable value for κ i , such as the 0.1 used in this study. b) Estimate its corresponding stability margin of κ i by increasing it at a very small speed (such as 0.01 every step) until divergence, which corresponds to the maximum limit. c) Choose an intermediate value between the initial value and divergence value to achieve a good balance between stability and convergence. 
III. IMPLEMENTATION OF THE PROPOSED DCLS APPROACH
The flowchart of the proposed DCLS is shown in Fig. 1 :
Step 1: The frequency is monitored by the corresponding agent when an active power deficiency or shortage occurs in an islanded MG;
Step 2: The LSL is defined and evaluated locally based on the local information collected by the agents, including the customer's willingness to shed load and the CL capacity;
Step 3: By using the sub-gradient-based algorithm of MAS, the distributed coordination approach is applied to achieve an optimal and practical DCLS considering consensus of the LSLs;
Step 4: The frequency-inertia dynamics response characteristics are applied to convert the global information discovery into the decentralized local frequency deviation updating; thus, only local information needs to be updated during the DCLS;
Step 5: The proposed DCLS is finally implemented, and the islanded MG will work in a new state when the LSLs reach consensus as the frequency recovers to the rated value. 
IV. CASE STUDY
Based on the PSCAD/EMTDC and the MATLAB, the simulation models and MG system [23] are established to demonstrate the effectiveness and adaptability of the proposed DCLS method. More specifically, the sub-gradient coordination algorithm and the updating of local information are simulated in MATLAB, the MG is operated in real time in PSCAD, and the user-defined interface models in PSCAD are defined to associate these two platforms together [14] , [19] . Fig. 2 illustrates the structure and corresponding communication topology of the MAS-based simulation MG. The simulation system includes 5 CLs and 4 DGs. To verify the effectiveness of the DCLS under a large disturbance, the CLs are pre-specified for the simulation system for emergency control, and all references of the DGs are set to the corresponding maximum limits, as illustrated in Table 1 . The data for all of the electrical lines are shown in Table 2 . In this table, OL is the overhead line, SC is the customer service line; R 1 and X 1 are the positive sequence resistance and reactance; and R 0 and X 0 are the zero sequence resistance and reactance, respectively.
A. CASE A: ACTIVE POWER SHORTAGE
At the initial time t = 0, the simulation MG islands from the main grid, when t = 2 s, the MG frequency begins to drop and becomes lower than the LS threshold because of the active power shortage, so the LS is executed to maintain the frequency stability of MG, and the proposed DCLS approach is applied to make the LS more practical and reasonable. Table 3 illustrates the simulation parameters of Case A as follows. Note that the values of χ i and H i [7] , [32] are predefined based on the simulation system used in the study. A detailed investigation could be carried out to obtain more convincing data for both the customer's willingness and the inertia constants for practical application.
In this case, the performances of the proposed DCLS, including LSLs change, frequency responses, voltage responses, and LS amounts, are shown in Fig. 3 . First, based on the local information collected by the agents, as shown in Table 3 , including the customer's willingness to shed load, the maximum load capacity, the step size, the equivalent moment of inertia constant, and the LSLs of multiple loads, are evaluated locally according to (2) , which considers the customer's willingness to shed load and the capacity of CLs.
It can be seen in Fig. 3(a) that the initial LSLs remain 1, which indicates that there is no load shed when the islanded MG works in the stable state and that the proposed approach acts when the MG frequency declines lower than 49.5 Hz at approximately t = 3.4 s. Further, the frequency-inertia dynamics response characteristics are applied to improve the local information updating. Only local frequency measurement and neighboring LSLs are needed to update during the DCLS. At approximately t = 10.6 s, the LSLs of all five CL agents reach consensus after the DCLS and converge to a common value of φ * = 0.8842. Second, the proposed DCLS can be executed based on (7) and (11). Fig. 3 (b) and (c) indicate that the frequency and voltage can remain stable throughout the proposed control process. By shedding appropriate amounts of loads, the frequency and voltage both recover to normal values.
Finally, when the common consensus value of the LSL is asymptotically determined, the amounts of LS can be determined. Fig. 3(d) shows the load capacity, CL capacity, and LS amounts of the DCLS.
B. CASE B: NEW LOAD PLUGS IN OPERATION
In this case, when t = 2 s, a new load plugs into the system, and the MAS-based communication topologies lead to an increase in a new agent marked as A6, as seen VOLUME 5, 2017 in Tables 4 and 5 . The system frequency begins to drop because of the load plug in operation, and the LS must be used when the frequency declines lower than 49.5 Hz. The proposed DCLS approach is applied to make the LS more practical and reasonable.
Simulation parameters of case B are shown in Table 4 . As seen from Table 4 , as the new agent A6 plugs in to the MAS, the communication topologies and the number n defined in (2) change accordingly. To adapt to the change of plug in operation, the key parameters α ij and κ i described in (11) must update and adapt to the communication topology changes. The parameters κ i can be adjusted directly, whereas the parameters α ij are calculated based on (6) , and the values of n i and n j can be adjusted according to the communication topology changes locally. By updating the local information n i and n j , the proposed approach can adapt to the communication topology changes during the DCLS. More specifically, when A6 is added and marked as A(5+1), only A6 and its immediate neighbors A5 needs to update n 5 from 1 to 2; the updating matrix changes accordingly, as can be seen Table V . By using the new updating matrix, the proposed distributed coordinate approach can be implemented during the plug in operation. Fig. 4(a) shows that the initial LSLs remain at a value of 1, as in Case A, the proposed approach acts when the frequency decreases to lower than 49.5 Hz at approximately t = 3.1 s by using the sub-gradient-based distributed coordination algorithm of MAS described in (11) . The LSLs of all 6 load agents also converge to a common consensus value, after the proposed DCLS, of φ * = 0.7817 at approximately t = 8.2 s. Fig. 4 (b) and (c) show the frequency and voltage responses of the proposed DCLS in Case B. The frequency and voltage could return to their normal values after the disturbance by using the proposed DCLS according to (7) and (11) . Fig. 4(d) shows the total load capacity, CL capacity, and LS amounts of the DCLS in detail when the common consensus value of the LSL is asymptotically reached.
It is worth noting that the DCLS can be adaptively achieved during a plug out operation, similar to a plug in operation, by changing the total number from n to (n−1); only the neighbors of the plug out agent must adjust their local information during the DCLS. 
C. CASE C: COMPARISON WITH THE AVERAGE CONSENSUS-BASED DISTRIBUTED LOAD SHEDDING SCHEME
To further verify the advantages of the proposed DCLS, a comparison with our previous average consensus-based distributed load shedding (DLS) scheme in [24] is discussed. The parameters are set as in [24] . The information exchanging and load shedding processes of the proposed DCLS and the DLS are compared in the scenario of Case A:
Comparing Fig. 3 with Fig. 5 , three differences can be found:
1) The major problem of the previous scheme in [24] is that it must discover three global pieces of information, i.e., the total active power imbalance P IB , the total cost coefficient K T F and the total amount of flexible loads C T FL , by using the proposed distributed information processing method [24] , which is very complicated and time-consuming. Whereas the proposed DCLS uses the frequency-inertia to estimate the active power imbalances locally, it can be implemented directly and locally without any global information discovery. Only local information LSLs (φ i ) and frequency deviation ( f ) are exchanged during the implementation of the proposed DCLS, as described in (11) . Hence, the information exchanging process of the proposed DCLS is dramatically simplified compared with the previous DLS, as seen in Fig. 3(a) and Fig. 5(a) .
2) The load shedding amounts of the DLS are calculated based on the comprehensive weights φ i , which are discovered and estimated by the abovementioned global information [24] , whereas the amounts of DCLS are obtained step by step based on the frequency deviation f . Hence, the frequency control performances of these two schemes are different, the frequency recovery performance of the DLS is determined mainly by the load shedding time, and the frequency recovery performance of the DCLS is determined based on the convergence characteristics of the LSLs, as seen in Fig. 3 (b) and Fig. 5(b) .
3) Comparing Fig. 3(d) with Fig. 5(c) , the load shedding amounts of these two schemes are clearly different. The total amount of the DLS is approximately 13 kW, and that of the DCLS is approximately 8 kW, which indicates that the proposed DCLS is more practical and reasonable.
V. CONCLUSION
A sub-gradient-based DCLS approach is proposed and investigated in this study. The implementation of the proposed method is accomplished based on the local evaluation of LSL while considering the customer's willingness and the capacity and local frequency deviation updating method based on the frequency-inertia dynamics response. The proposed approach has three advantages. First, the proposed DCLS approach can realize a new practical and reasonable LS scheme by controlling the LSLs. Second, the proposed approach only needs to update the local frequency measurement and the LSLs of its neighbors during the DCLS. Finally, the proposed approach can be implemented by DCLS in a fully distributed way by using the sub-gradient algorithm of MAS and the local frequency deviation measurement. Moreover, it can easily adapt to communication topology changes locally.
